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1. Introduction

Three-row roller slewing bearings are the core
components of large-scale rotating equipment, which con-
sists mainly of three-row rollers, slewing rings and spacer
blocks, as shown in Fig. 1. It is a large-sized structure (a
maximum diameter of 40 m) and subjected to a combination
of large axial, radial and overturning moment loads. The
maximum thrust of the slewing bearings can reach 170,000
kN under heavy load conditions and the maximum torque
can reach 125,000 kN-m [1]. The contact area between the
rolling element and the raceway is very small, and the con-
tact stress is extremely high. When an accident occurs, the
maintenance is very difficult and expensive, which will af-
fect the progress of the project. Therefore, the carrying ca-
pacity of the slewing bearing needs to be carefully calcu-
lated to improve the reliability of the slewing bearing.
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Fig. 1 Structure of three-row roller slewing bearing [2]

There are mainly two methods to calculate the car-
rying capacity of three-row roller slewing bearing. One is
the analytical method based on the Hertz contact theory, and
the other is the numerical method based on the finite ele-
ment modeling. The mechanical results such as the contact
stress and the deformation of the contact area between the
roller and the raceway are analyzed by the Hertz contact the-
ory [3]. When the actual structural conditions do not meet
the assumption of the Hertz contact theory, the accurate re-
sults cannot be obtained. Scholars [4-6] thus established the
finite element model of the slewing bearing to study the con-
tact between the roller and raceway of slewing bearings, and
the results are more in line with the experimental results un-
der heavy loads than the results from the Hertz theory. The
contact pairs between rolling elements and raceways of the
slewing bearing can reach several thousand. Thus, many
scholars use nonlinear springs and super-cells to simulate
the contact behavior between rolling elements and raceways

to improve calculation efficiency and reduce calculation dif-
ficulty [2, 7-9]. A tradeoff between accuracy and efficiency
of the finite element model needs to be achieved by choos-
ing appropriate mesh sizes [5, 10, 11].

The finite element model needs to be verified, and
the mesh size of the finite element model is of great signifi-
cance for the calculation of the carrying capacity accuracy
of the three-row roller slewing bearing. Therefore, the local
and overall finite element models of three-row roller slew-
ing bearing are established to study the effect of finite ele-
ment mesh sizes on the carrying capacity accuracy in this
paper. Strain tests are used to verify the finite element model.
The method to improve the calculation accuracy and effi-
ciency of the carrying capacity of the slewing bearing is
studied, which is of great significance to the design of the
slewing bearing and the practical application of the engi-
neering.

2. Local finite element model of three-row roller slewing
bearings

2.1. Hertz contact theory

Hertz studied the load-deformation of two contact
objects under some assumptions. Fig. 2 shows the contact
diagram of two cylinders. The maximum contact stress can
be calculated as:
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where: b is the contact ellipse short half axis; £ is the elastic
modulus of contact object 1; E> is the elastic modulus of
contact object 2; / is the roller length; Q is the contact load;
u1 is the Poisson's ratio of contact object 1; u, is the Poisson's
ratio of contact object 2; gymq 1S the maximum contact stress;
p1 is the curvature radius 1; p» is the curvature radius 2.

The contact area and contact stress of the contact
surface between the rolling element and the raceway can be
determined by the Hertz contact theory, which lays a foun-
dation for determining the finite element mesh size.
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Fig. 2 Contact between two rollers

2.2. Local finite element contact model of three-row roller
slewing bearing

2.2.1. Structure of the three-row roller slewing bearing

The 130-20-1005 three-row roller slewing bearing
is selected and the dimensions are shown in Fig. 3. The di-
ameters and lengths of the upper and lower rollers are 20
mm and the number of rollers of each row is 120. The diam-
eter and length of the middle rollers are 12 mm and the num-
ber of rollers is 180. The diameters of the upper and lower
rows of the raceways are 1005 mm. The diameter of the mid-
dle row of raceway is 971 mm. An axial force F, of 59,660
N and an overturning moment M of 41,7620,000 N-mm are
applied to the three-row roller slewing bearing. The maxi-
mum contact load between the roller and the raceway is ob-
tained by the following equation [8, 11]:

M F
=42 , 3
Qe =757, 3)

where: D is the raceway diameter; F, is the axial load; M is
the overturning moment; # is the roller number; Q. is the
maximum contact load.
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Fig. 3 Dimensions of 130-20-1005 three-row roller slewing
bearing

The calculated maximum contact load is 14349 N,
which is the load applied to the local contact model of race-
way and roller.

2.2.2. Local contact model of the three-row roller slewing
bearing

A quarter of the roller and raceway is modeled to
reduce the computational time, as shown in Fig. 4. The bot-
tom surface of the raceway is fully constrained. A reference
point RP-1 is set above the roller and coupled to the upper
surface of the roller. One-fourth of the load obtained by

Eq. (3) is applied to the reference point. The translational
degree of freedom in the Y direction of the reference point
is released and the degrees of freedom in other directions are
constrained. The chamfer angle of the roller is 0.7 mm ac-
cording to GB/T 4661-2002 [12].

The elastic modulus of the slewing bearing mate-
rial is chosen to be 207 GPa and the Poisson's ratio is 0.3 [8].
The finite element mesh type is C3D8I. Different mesh size
is set from 0.5 mm to 0.04 mm to investigate the effect of
the mesh size. The finite element models with coarsest and
finest meshing are shown in Fig. 5.
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Fig. 4 Local finite element contact model of three-row roller
slewing bearings
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Fig. 5 Local finite element model a) mesh size 0.5 mm; b)
mesh size 0.04 mm

2.2.3. Simulation results of local contact model of the three-
row roller slewing bearing

The simulation results of the equivalent stress with
different meshing size are shown in Fig. 6. When the mesh
size decreases, the maximum equivalent stress and contact
stress on the raceway increases. The smaller finite element
mesh results in the smaller high-stress region as shown in
Fig. 7, a. The maximum equivalent stress is located below
the raceway contact surface, and the stress distribution is
smooth; The large finite element mesh size has a large high-
stress region as shown in Fig. 7, b. The stress distribution is
not smooth, which is prone to calculation errors.
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Fig. 6 Calculation results of local finite element contact
model
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The maximum contact stress and the position of the
contact area between the roller and the raceway of each
model are different, as shown in Fig. 8. The contact stress
distribution in the middle part of the contact between the
raceway and the roller is stable, but it increases sharply at
the end of the contact area between the roller and the race-
way. The local stress concentration causes the area to be
prone to plastic deformation, pitting corrosion, and other
faults, which seriously affects the carrying capacity of the
three-row roller slewing bearing. The carrying capacity ac-
curacy of the raceway is evaluated by comparing the aver-
age contact stress of different contact lengths between the
roller and the raceway with the Hertz contact theory in this
paper, which avoids the impact of the chamfer of the roller
on the calculation results.
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Fig. 8 Contact stress curve of raceway under different finite
element mesh sizes
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The average contact stress of the 40% contact
length in the middle of the contact surface between the roller
and the raceway with different mesh size is compared, as
shown in Fig. 9. The difference with the Hertz theory be-
comes smaller as the finite element mesh size becomes
smaller, and drops to 0.25% with the mesh size of 0.06 mm.
Fig. 10 shows the average contact stress of the 90% contact
length in the middle of the contact surface between the roller
and the raceway. It is shown that the differences with Hertz
results are greater than that of the 40% contact length (Fig.
9), indicating the effect of the stress concentration at the end
of the roller and the contact area of the raceway. The devia-
tion from Hertz theory results decreases and then increases
with the mesh size becoming smaller. The smallest deviation
is found at the mesh size of 0.08 mm. The results of the mesh
size of 0.08 mm are closest to Hertz results based on the
results in Fig. 8-10, and selected as the mesh size in the fol-
lowing simulations.
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Fig. 9 Comparison of average contact stress of the 40% con-
tact length in the middle of the contact surface of the
raceway
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Fig. 10 Comparison of average contact stress of the 90%
contact length in the middle of the contact surface
of the raceway

To characterize the dispersion degree of the
stresses on the contact line of the three-row roller slewing
bearing, the stress variance and the stress concentration fac-
tor (the ratio of the maximum contact stress to the average
contact stress on the raceway contact line) are calculated us-
ing Egs. (4) and (5), and the results are plotted in Fig. 11.
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where: K is the stress concentration factor; n; is the number
of stress data; p is the variance; p is the average stress on

the raceway contact line; p; is the various stress points on
the raceway contact line; o4, is the maximum contact stress;
o 1s the average contact stress.

As the finite element mesh size decreases, the SV
and SCF increase, as shown in Fig. 11. If the stress variance
of the raceway surface is too large, the contact stress of the
raceway changes greatly, and the stress gradient is large.
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Fig. 11 Comparison of SCF (Stress concentration factor)
and SV (Stress variance) on the raceway surface

2.3. Local finite element spring model of three-row roller
slewing bearing

Non-linear springs are used to represent the roller
to calculate the carrying capacity of the slewing bearing,
which can reduce the finite element model size effectively,
make the convergence easier, and improve the calculation
efficiency. The roller represented by two non-linear springs
is used to obtain the accurate contact load in the local finite
element contact model of the slewing bearing [8], as shown
in Fig. 12. The bottom surface of the lower raceway is fully
constrained. A reference point RP-1 is set above the upper
raceway and coupled to the upper surface of the upper race-
way. The load is applied to the reference point. The transla-
tional degree of freedom in the Y direction and rotation de-
gree of freedom in the Z direction of the reference point is
released. Others degrees of freedom in other directions are
constrained. The finite element mesh type is C3DSI.
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Fig. 12 Local spring finite element model of the slewing
bearing

Some common empirical formulas are used to cal-
culate the roller load-deformation curve of the slewing bear-

ing [13-16]. The effect of the roller diameter on the defor-
mation is not considered. The results show that the large di-
ameter of the cylindrical roller has small deformation under
the same load, and formulas considering the effect of diam-
eter of the roller are derived [17], and the above empirical
formulas are modified accordingly:
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where: D,, is the roller diameter; K is the spring stiffness 1;
K, is the spring stiffness 2; K3 is the spring stiffness 3; K4 is
the spring stiffness 4; K is the spring stiffness 5; Ks is the
spring stiffness 6; / is the roller length; Q is the contact load;
o is the deformation.

Fig. 13 shows the spring stiffness by different cal-
culation formulas, and the calculated deformation is differ-
ent under the same load. When a three-row roller slewing
bearing is subjected to the radial force, the loaded ferrule
will be displaced radially, and loaded ferrule will rotate
slightly with an overturning moment applied, as shown in
Fig. 14. The load-deformation curve of the nonlinear spring
calculated using Eq. (7) is selected to analyze the influence
of the offset and declination between the upper and lower
raceways on the finite element spring model, as shown in
Fig.15.

180 rollers are in the middle row of the 130-20-
1005 three-row roller slewing bearing, which are used to
bear the radial force. The radial force is relatively small
compared with the axial force and the overturning moment,
so the offset between the upper and lower raceways is small,
set from 0~2 mm. The limited offset between the upper and
lower raceways does not substantially affect the load on the
spring, the maximum error of the spring 1 and 2 loads is
0.5%, as shown in Table 1. Therefore, the slight offset of the
inner and outer rings after applying the radial force does not



affect the spring load in the finite element model of the slew-
ing bearing.

-150¢

——K2

——K3

Load (kN)
o
S

—v—K4

—e— K5

-450 [¢t?

—+—K6

05 -04 -03 -02 -01 0.0
Deformation (mm)

Fig. 13 Different spring load-deformation curves

Fig. 15 Local spring finite element model of the slewing
bearing a) offset model; b) declination model

The upper raceway of the slewing bearing is de-
flected by the overturning moment in the declination model,
and the results are shown in Table 2. The load on the non-
linear spring under different declinations is unchanged and
the maximum error of the spring 1 and 2 load value is 0.1%.
The load of the spring 2 is larger than that of the spring 1.
The load sum of the two springs is substantially the same at
different declination angles, indicating that the slight deflec-
tion of the inner and outer rings from the radial force does
not affect the spring transfer load and the sum of the spring
loads at different declinations angle is the same.

Table 1

Finite element results of offset model
of local spring models

Offset I(EIsItlance 4, Spring 1 load, N Spring 2 load, N
0 -7175 -7175
0.2 -7175 -7175
0.6 -7178 -7178
1 -7184 -7184
-7211 -7211

Table 2

Finite element results of the declination model of local
spring models

Deflection a, | Spring 1 load, | Spring 2 load, | Sum of loads,

° N N N

0 -7175 -7175 -14350
1 -7174 -7175 -14349
2 -7174 -7175 -14349
3 -7173 -7176 -14349
4 -7173 -7176 -14349
10 -7170 -7179 -14349

3. Overall finite element model of three-row roller slew-
ing bearing

The axial force and the overturning moment are ap-
plied to the model, so the middle row of rollers is ignored.
A half slewing bearing is modeled to reduce the computation
time and two nonlinear springs are used to represent the
roller in the calculation, as shown in Fig. 16. The reference
point RP-1 is established at the geometric center of the slew-
ing bearing and is coupled with the upper surface of the
outer ring. The Z-direction translational freedom and the Y-
degrees of freedom are constraint. The bottom surface of the
inner ring is fully constrained. Half of the overall model load
(the axial force 29,830 N and the overturning moment
208,810,000 N-mm) is applied to the reference point PR-1.
The elastic modulus is 207 GPa and the Poisson's ratio is 0.3.

P4 s
.3 RP-IEER

Upper springs R

Outer ring Inner ring .._Lower springs

et

o

Fig. 16 Overall finite element model of three-row roller
slewing bearings

3.1. Effect of spring stiffness coefficient and finite element
mesh size on carrying capacity of slewing bearings

The spring stiffness K1, K2, and K4 located in the
upper, middle and lower sections of Fig. 13 are selected and
substituted into the overall finite element model of the slew-
ing bearing. The influence of the spring stiffness and finite
element mesh size on the carrying capacity accuracy of the
slewing bearing is analyzed. The larger deformation zone is
located at both ends of the overturning moment, as shown
in Fig. 17.
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Fig. 17 The full circle deformation of the slewing bearing
with the spring stiffness K1 and the mesh size 2 mm
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As the finite element mesh becomes larger, the de-
formation of the slewing bearing becomes smaller as shown
in Fig. 18. This shows that different spring stiffness has a
slight influence on the full circle deformation and spring
load of the slewing bearing. The finite element mesh size
has a great influence on the calculation results of the slewing

bearing.
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Fig. 18 Comparison of different spring stiffness results of
slewing bearings (a) full circle deformation; (b)
maximum sum of two spring loads

The load distribution in the overall finite element
model is an important parameter for the carrying capacity of
the slewing bearing. Fig. 19 shows the load distribution on
springs with different finite element mesh sizes of the spring
stiffness K2. The finite element mesh size is from 2 mm to
8 mm and the load value is the sum of loads of the two
springs. The results show that the load of the upper row
spring is greater than that of the lower row spring.

The position of the maximum load is the area
where the couple of the axial force and the overturning mo-
ment is the maximum, and the maximum load of the slewing
bearing determines the rolling element position of the max-
imum contact load, which provides data for the strength
check of the inner and outer ring connecting bolts and deter-
mines the ferrule stiffness and the relative displacement be-
tween the fixed ferrule and the movable ferrule. With the
finite element mesh becomes larger, the difference between
the maximum load value on the spring and the load value
obtained by the Eq. (3) becomes larger (the minimum error
9.37%), as shown in Fig. 20, which is accepted. The load
values of the two springs are different, and the load value of
the spring 1 is greater than that of the spring 2, indicating
that the overturning moment acts on the slewing bearing,

365

causing it to deflect around the geometric center.
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Fig. 19 Spring load distribution of three-row roller slewing
bearing springs a) upper row of springs; b) lower
row of springs
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Fig. 20 Comparison of maximum spring load values instead
of rollers in the overall model

3.2. Carrying capacity accuracy test of three-row roller
slewing bearings

The static loading test is carried out by strain meas-
urements on the slewing bearing test rig, as shown in Fig. 21.
36 strain gauges are placed on the inner circumference of
the test slewing bearing to obtain the load distribution of the
ferrule bearing ring. The deformation direction of the strain
gauge adheres to the axial direction of the slewing bearing,
and the temperature compensation is carried out. The axial
force and the overturning moment are applied to the three-



row roller slewing bearing by controlling the output pres-
sure of a hydraulic cylinder. Three load measurements are
carried out, and the average results are taken for comparison
with the simulation results, as shown in Fig. 22.

Fig. 21 Layout of the strain gauge measurement for the
three-row roller slewing bearing

The trend of the deformation curve from the simu-
lation agrees with that of the strain test, as shown in Fig. 22.
With the mesh size of the finite element model becoming
smaller, the differences on the deformation become smaller,
and the difference between mesh size of 2 mm and 3 mm is
only 2.03%, indicating that the deformation results of the
finite element model tend to be stable with small mesh sizes.
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Fig. 22 Results of the deformation of the inner ring: com-
parison between the simulation results and test re-
sults

4, Conclusions

The local and overall finite element models of a
three-row roller slewing bearings are established in this pa-
per. Hertz contact theory and strain tests are used to study
the influence of mesh size of the finite element model on the
carrying capacity accuracy of three-row roller slewing bear-
ings. The conclusions are as follows:

1) The mesh size of the finite element model can
be verified by selecting the partial length of the contact line
between the roller and the raceway. As the finite element
mesh size becomes smaller, the deviation with the Hertz
contact theory is smaller.

2) The displacement and the slight deflection be-
tween the upper and lower raceways of the finite element
model of the three-row roller slewing bearing do not affect
the load transfer of the spring.

3) As the mesh size of the overall finite element
model increases, the full-circle deformation of the slewing
bearing becomes smaller, and the maximum load of the two
springs increases. The results show that different spring
stiffness has little effect on the full-circle deformation and
spring load of the slewing bearing. The spring load distribu-
tion trends of different finite element meshes are the same,
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but the number of loaded springs and the maximum spring
load value are different.

The study of the finite element mesh size of the
three-row roller slewing bearing is beneficial to improve the
calculation accuracy and efficiency of the carrying capacity
of the slewing bearing, which lays the foundation for the
structural optimization and the reliability research of slew-
ing bearings.
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AN ANALYSIS METHOD OF CARRYING CAPACITY
CCURACY OF THREE-ROW ROLLER SLEWING
BEARING

Summary

Three-row roller slewing bearings are the core
components of large-scale rotating equipment. It has a large
structural size and is subjected to heavy loads, which re-
quires extremely high carrying capacity. The effect of finite
element mesh size on the carrying capacity accuracy of
three-row roller slewing bearing is investigated. A local fi-
nite element model is established to analyze the contact area
between the roller and the raceway, which is compared with
the Hertz contact theory to verify the reasonable mesh size
of the finite element model. The local spring finite element
model is established, and the effect of the mesh size on the
offset and the declination of the upper and lower raceway is
investigated; The overall finite element model of the slew-
ing bearing is established to analyze the effect of the mesh
size and the nonlinear spring stiffness on the carrying capac-
ity accuracy. The whole circle deformation of the ring and
the load distribution is investigated to determine the reason-
able mesh size. This article provides a method and idea for
the verification of the three-row roller slewing bearing finite
element model, which is beneficial to improve the calcula-
tion accuracy of the bearing capacity of the three-row roller
slewing bearing.

Keywords: three-row roller slewing bearing, carrying ca-
pacity, finite element mesh size, nonlinear spring stiffness,
analysis accuracy.
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